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Abstract:  Continuous wave (CW) stimulated Brillouin scattering (SBS) 
phase conjugation in step-index optical fibers was studied experimentally 
and modeled as a function of fiber length.  A phase conjugate fidelity over 
80% was measured from SBS in a 40 m fiber using a pinhole technique.  
Fidelity decreases with fiber length, and a fiber with a numerical aperture 
(NA) of 0.06 was found to generate good phase conjugation fidelity over 
longer lengths than a fiber with 0.13 NA.  Modeling and experiment support 
previous work showing the maximum interaction length which yields a high 
fidelity phase conjugate beam is inversely proportional to the fiber NA2, but 
find that fidelity remains high over much longer fiber lengths than previous 
models calculated.  Conditions for SBS beam cleanup in step-index fibers 
are discussed. 
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1. Introduction  
Fiber optic waveguides provide a long interaction length which lowers the threshold of SBS to 
power levels easily achievable by CW laser sources.  Since the Stokes wave experiences a 
small Doppler shift, the longitudinal propagation constants of the modes excited by the Stokes 
wave differ slightly from those excited by the pump.  The SBS reflection becomes out of 
phase with a theoretical perfect phase conjugate reflection over many meters of fiber.  As a 
result, the fidelity of phase conjugation from SBS in step-index fibers decreases with 
increasing fiber length.  While longer fibers are preferred in order to reach threshold at a 
lower power, shorter fibers are needed to generate a high fidelity phase conjugate beam.   
CW phase conjugation in step-index fibers has not been achieved prior to this work.  In 
experiments using pulsed laser sources, there are some instances of fiber lengths longer than a 
couple meters generating good phase conjugation.  Kuzin et al. compared phase conjugation 
characteristics from 7 m and 130 m fibers.  While the 7 m fiber produced conjugation better 
than ~80%, they noted that ~50% depolarization occurred in the Stokes beam for the 130 m 
fiber[1].  Vasil’ev et al. employed a 25 m fiber as a phase conjugate mirror to effectively 
remove amplifier-induced aberrations[2].  Fiber amplifiers up to 10 m in length have been 
used as well to generate high fidelity SBS phase conjugation with pulsed lasers pumps[3].  
Complicating these results, Eichler et al. discovered that the coherence length of the pump 
laser limited the interaction length in SBS phase conjugation experiments[4].  Even though 
they used fibers as long as 100 m to generate high fidelity phase conjugation, the effective 
length of the interaction was limited to a few meters by the coherence length of the pump 
laser.   
Long graded-index fibers have been reported to produce CW phase conjugation[5, 6], but 
other researchers have been unable to duplicate the results[7-9].  Both modeling and 
experimental work in graded index fibers has shown that preferential Stokes gain in the 
fundamental mode can inhibit phase conjugation fidelity and lead to an effect known as SBS 
beam cleanup[10].      
In order to design efficient CW laser systems using SBS phase conjugation for coherent 
beam combination, the length of fiber that can be used to generate a high fidelity phase 
conjugate reflection must be explored further.  In this paper, the phase conjugate fidelity is 
measured as a function of fiber length during cutback tests on two different silicate step-index 
fibers.  Fidelity was lower at longer lengths of fiber.  As the fibers were cut back, the fidelity 
increased to ~80% at 40 m of a 40 µm core diameter, 0.06 NA fiber (CorActive Ge740).  
Similar fidelity was achieved from 15 m of 20 µm core, 0.13 NA fiber (CorActive MM-
20/125).  In this work, the two fibers are related based on the fidelity obtained as a function of 
fiber length when scaled by the square of the fiber core NA.  The experimental and modeling 
results show a similar trend in fidelity as a function of fiber length.    
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2. Experiment   
The apparatus is shown in Fig. 1.  It consists of a 1064 nm NPRO narrow-linewidth source 
laser operating at 700 mW and a 2-stage fiber amplifier.  The first fiber amplifier is 10.3 m of 
Nufern’s Yb-doped 20/400 PLMA fiber counter-pumped with a 20 W LIMO fiber-coupled 
diode through a dichroic mirror.  The output of the first stage is 5.5 W.  The second stage is 
5.2 m of the same 20/400 PLMA fiber, co-pumped with a 100 W LIMO fiber-coupled diode.  
Co-pumping was chosen to prevent damage to the diodes, and the fiber length was reduced to 
prevent the onset of SBS in the amplifier.  The shortened length reduced the pump absorption 
in the fiber by approximately 20%.  The 2-stage amplifier produced an output power of ~50 
W.   
Free space coupling was used throughout this experiment, and each fiber tip including the 
test fiber was polished at 8° to prevent cavity effects and Fresnel reflection noise in the data.  
The output of the first stage amplifier was over 95% linearly polarized.  To bypass 
polarization control on the high power amplifier, each polarization of the signal beam after the 
second stage amplifier was separately isolated and recombined.    
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Fig. 1.  Apparatus used to test phase conjugation fidelity of silicate fibers at 1064 nm 
wavelength. 
 
The method employed to measure fidelity is similar to Kuzin et al. [1].  The full signal 
beam is focused through a 300 µm diameter pinhole before propagating to the test fiber.  The 
pinhole is imaged onto the fiber tip such that the pinhole image diameter is less than half of 
the core diameter of the fiber.  The pinhole image size was chosen as small as possible and 
ultimately limited by the NA of the test fiber to maintain coupling efficiency.  The test fiber 
itself distorts the beam as many modes are excited.  Since the incident beam passed through 
the pinhole, a perfect phase conjugate reflection would have complete transmission back 
through the pinhole.  The pinhole transmission of the Stokes reflection is now a measure of 
the fidelity of phase conjugation.   
This fidelity measurement technique can distinguish between phase conjugation and SBS 
beam cleanup to the fundamental mode.  Since the pinhole has a smaller image diameter than 
the fundamental fiber mode, it can be calculated that up to 66% pinhole transmission can be 
achieved in the event that the Stokes reflection propagates in the fundamental mode provided 
the pinhole image is centered on the fiber tip.  Similarly, a flat-top beam should achieve 
transmission less than 25%.  As with all spatial measurements of phase conjugation fidelity, 
low fidelity measurements are ambiguous.    
The test fiber was aligned to maximize transmission through the fiber at low power.  
Wedged windows with anti-reflection coating on one side were used to measure the power 
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before and after the pinhole.  Additional beam pickoffs were used to reflect portions of the 
beam to a screen where a Cohu camera simultaneously recorded the beam irradiance cross-
section incident on the test fiber, the transmission through the test fiber, and the Stokes 
reflection. 
The fiber was cut back in set intervals, polished, and tested at its new length without 
disturbing the input end of the test fiber.  This enabled the measurement of fidelity as a 
function of fiber length.  To measure fidelity, the power meters labeled PM4 and PM5 in Fig. 
1 were connected to an oscilloscope.  The powers were measured simultaneously by the 
oscilloscope and the ratio of PM5 to PM4 provided the raw fidelity data.  To calibrate the 
measurements, an HR mirror was placed in front of the fiber and aligned to reflect the incident 
beam back through the pinhole towards the amplifiers.  The pinhole was then removed, and 
calibration data consisted of the ratio of PM5/PM4 as a function of the PM4 power.  This 
accounted for differences in the power meters as well as for small losses from each optic 
between PM4 and PM5.  To avoid large errors caused by dividing by voltages near zero, all 
data corresponding to reflected powers less than 600 mW was discarded.  A single data point 
consists of the average of all calibrated data after SBS threshold is exceeded giving a Stokes 
reflection greater than 600 mW.  Typically, multiple points were taken at each length. 
Core diameter (µm)
Core NA
Fiber M2 (V/2)
Fundamental mode 1/e2 diameter (µm)*
Pinhole image diameter at fiber tip (µm)
Incident beam diameter at fiber tip (µm) 
Coupling NA
Coupling efficiency (%)
20
0.13
3.8
14.5
9.6
5.5+/-0.3
0.119+/-0.006
79+/-5 
40
0.06
3.5
29.4
18.5
11.3+/-0.6
0.057+/-0.004
84+/-5 
0.13 NA fiber 0.06 NA fiber
Table 1.  SBS test fiber and coupling characteristics
*Marcuse, D., Loss analysis of single-mode fiber splices. Bell Syst. Tech. J, 1977. 56(5): p. 703–718.
 
The results of the cutback test show a distinct increase in phase conjugation fidelity as 
each fiber is shortened.  79+/-1% phase conjugation fidelity was achieved with fiber length of 
15 m for the 20 µm core, 0.13 NA fiber (Fig. 2).  The blue dots with error bars are the 
experimental results, while the blue line represents modeling results discussed in the next 
section.  The red dashed line represents fidelity as a function of length given by Eq. (1.13) 
below.  With a 40 m long fiber, the fidelity was ~40%.  In contrast, a fidelity of 82+/-1% was 
obtained from a 40 m length of the 0.06 NA, 40 µm core fiber (Fig. 3), which was increased 
from 65% at 100 m length.   
When an HR mirror was placed in front of the fiber, up to 82% of the reflected power 
would transmit through the pinhole.  The deviation from 100% is due to imperfect collimation 
of the incident beam and diffraction effects.  Tests were also conducted with an HR mirror 
placed after the test fiber to reflect power back through the test fiber and pinhole.  The HR 
mirror was adjusted to maximize transmission back through the test fiber and pinhole.  With 
the 40/400, 0.06 NA fiber, the pinhole transmission of such a reflected beam was between 0% 
and 57% depending on the fiber modes excited by the reflected signal.  With the 20/125, 0.13 
NA fiber, the pinhole transmission achieved with an HR mirror after the fiber was between 
0% and 43%.     
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Fig. 2.  Phase conjugation fidelity vs. fiber length for a 20 µm core, 0.13 NA silicate fiber.  The 
experimental data is compared to this work’s model and Hellwarth's model (red dotted line). 
 
Fig. 3.  Phase conjugation fidelity vs. fiber length with a 40 µm core diameter, 0.06 NA fiber.  
The experimental data is plotted along with the results of this work's model and Hellwarth's 
model (red dashed line). 
 
Images were taken of the beam incident on the test fiber, the test fiber transmitted beam, 
and the Stokes reflection from these two fibers.  The beams are reflected from wedged 
windows placed in front of PM2 (incident), PM3 (transmitted), and PM4 (SBS) shown in Fig. 
1, and each beam was propagated to a screen and imaged simultaneously.  The images are 
shown in Fig. 4 and Fig. 5 to show general beam shape and relative divergence.  In each 
image, the incident beam is shown in the upper left of the frame, the transmitted beam is in 
the upper right, and the Stokes beam is shown in the lower portion of the frame.   
The transmission through the test fiber is multimode in each image, and the Stokes beam 
is single-lobed for all lengths tested using the 0.06 NA fiber.  Coupling conditions were varied 
prior to the cutback test and would occasionally result in an LP11 Stokes beam using a 100 m 
length of fiber.  While the front of the fiber was not disturbed throughout the cutback tests, the 
back end had a new 8° polish and slight differences in location after each cut.  These changes 
in the back end of the test fiber caused the beam to move relative to the camera image.  
For the 0.13 NA fiber, the images show the Stokes beam in the LP11 mode at 40 m and a 
progression toward single mode as the fiber is shortened.  The incident beam was coupled 
7+/-2 µm off-center, which was the most-likely cause of the LP11 mode in the Stokes beam at 
longer fiber lengths where phase conjugation fidelity declines.  As the fiber length was 
shortened, the phase conjugation fidelity improved and the LP11 mode was gradually replaced 
by a phase conjugate of the incident beam (SBS pump).  The model described in the next 
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section predicts the occurrence of beam cleanup in step-index fibers when the test fiber is too 
long for good fidelity phase conjugation.        
  
(a) (b)
  
Fig. 4.  Clockwise from top left:  Incident beam, test fiber transmitted beam, and Stokes 
reflection from 40/400, 0.06 NA fiber at (a) 100 m length and (b) 40 m length. 
 
(a) (b) (c)  
Fig. 5. Clockwise from top left:  Incident, transmitted, and Stokes reflection from 20/125, 0.13NA fiber at 
(a) 40 m length, (b) 30 m, and (c) 15 m length.  Without changing the coupling, the Stokes reflection is 2-
lobed at 40m length and converts to single transverse mode as the fiber length is decreased. 
 
3. Model 
This author is aware of several models of phase conjugation fidelity using SBS in optical 
waveguides.  Each model is accurate for the case of fidelity near 1, but approximations were 
made which invalidate the models for decreased fidelity.  Lombard solved for the gain per 
mode under the case of perfect phase conjugation or perfect beam cleanup, but does not solve 
for fidelity[7].  Deviations from the cases of perfect beam cleanup or perfect phase 
conjugation were not analyzed.  Pump depletion was treated uniformly for all modes, which 
was done similarly in this work, but a functional form was not presented.  Lehmberg’s 
numerical model examined the fidelity as a function of average irradiance and divergence 
angle over short interaction lengths[11].  Lehmberg accounts for pump depletion, but the 
model sets λΔ = 0 and therefore fails to account for a decrease in fidelity as fiber length is 
increased.  Both Zel’dovich and Shkunov[12] and Hellwarth[13] reach analytical solutions for 
the length limitation on fidelity by neglecting pump depletion and solving for the case of near 
perfect fidelity.  Zel’dovich approximates the non-conjugated fraction of the Stokes beam in 
Taylor series expansion and keeps only the first few terms, which limits the validity of the 
model to near perfect fidelity[12].  This method resulted in an equation dependent on pump 
irradiance pattern.  Hellwarth evaluated the phase conjugate fidelity that could be obtained 
from a waveguide as a function of waveguide length, core area, and number of modes excited.  
His analysis is based on a perturbation of perfect fidelity phase conjugation which loses 
validity as fidelity decreases.  Russell et al. analyzed the phase difference accumulated 
between the lowest and highest order modes supported by the fiber to determine the maximum 
fiber length allowed by a given phase difference accumulated between the Stokes and pump 
modes[10].  This model clearly shows an increasing phase error as the length of fiber is 
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increased, but the relationship between phase mismatch and phase conjugation fidelity is 
undetermined.       
The model described here is a three-dimensional analysis of phase conjugation in step-
index waveguides which includes pump depletion effects.  Free-space Fourier propagation 
was used to propagate a Gaussian beam through a pinhole and focus off-center onto the tip of 
a fiber as done in the experiment.  The fiber modes were determined from its physical 
characteristics with numerical root solving methods to find the modal transverse and 
longitudinal propagation constants.  The electric field of each mode in a transverse plane was 
then determined from the propagation constants.  The product of the incident field and a 
random field in the fiber was integrated over the transverse dimension at the face of the fiber 
and maximized using a perturbation algorithm to obtain a set of fiber modes with amplitudes 
and phases that closely matched the incident field.  The SBS portion of the model solves for 
the Stokes field at the tip of the fiber by perturbing the Stokes field until one is found which 
experiences the highest SBS gain.  The resulting Stokes beam is counterpropagated in free 
space to determine the transmission through the pinhole.  The SBS portion of the model is 
discussed in more detail here.   
The equations describing stimulated Brillouin scattering are given by[14]  
 
( , )
( ) ( , ) ( , ) ( , )
( , )
( , ) ( , ) ( , )
p p
p s p p
s
s
s p s s
I r z
g r I r z I r z I r z
z
I r z
gI r z I r z I r z
z
ω
α
ω
α
⊥
⊥ ⊥ ⊥ ⊥
⊥
⊥ ⊥ ⊥
∂
= − −
∂
∂
= − +
∂
 (1.1) 
where ( )g r⊥  represents the Brillouin gain, , ( )p sI r⊥ represents the irradiance of the pump or 
Stokes beam, r⊥ is the transverse fiber direction, and ,p sα  represents transmission loss in the 
fiber at the pump and Stokes beam frequency.  The transmission loss in silicate fibers is 
typically less than 5 dB/km and will be neglected due to the relatively short lengths of fiber 
where this model is concerned.  The pump and stokes fields are represented as a summation 
over the fiber mode fields as[10] 
 , , , , , ,( , , ) ( ) ( ) cos( )
f f f f
p s p s p s p s p s p sf
E r z t A r r z tψ β ω φ⊥ ⊥ ⊥= − +∑  (1.2) 
The summation is over all the modes allowed by the fiber f , and includes both radial and 
azimuthal dependence represented by a single variable r⊥ .  The amplitude of each pump or 
Stokes mode is represented by , ( )
f
p sA z , and the field radial and azimuthal dependence is given 
by , ( )
f
p s rψ ⊥ .   ,
f
p sβ  is the longitudinal propagation constant for the particular pump or Stokes 
mode, while ,p sω and ,
f
p sφ  are the pump or Stokes radial frequency and modal phase factor 
respectively.  Following the work of Russell et. al.[10], the irradiance of a pump or Stokes 
mode is given by 
 
2
, 0 ,
0 , , , , , ,,
( , ) 2 ( , , )
( ) ( ) ( ) ( )cos( ),
p s p s
f q f q fq fq
p s p s p s p s p s p sf q
I r z cn E r z t
cn A r A r r r z
ε
ε ψ ψ β φ
⊥ ⊥
⊥ ⊥ ⊥ ⊥
=
= Δ + Δ∑
 (1.3) 
where the brackets indicate a time average of the field, 0ε  is the permittivity of free space, 
n is the index of refraction of the fiber core, and c is the speed of light.  Shorthand notation 
was used such that , , ,
fq f q
p s p s p sβ β βΔ = − and similarly for ,
fq
p sφΔ .  SBS causes an increase in 
amplitude of the scattered fields which correspond to a decrease in amplitude of the pump 
fields.  In reality, these rates are mode dependent and coupled together such that the Stokes 
increase in one mode may correspond to a decreased amplitude of multiple pump modes.  To 
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simplify this analysis, all the modes of either the pump or Stokes are approximated to vary at 
the same rate.  This can be represented by[10]  
 , , ,( ) ( ) (0)
f f
p s p s p sA z z Aκ= . (1.4) 
In this equation, , ( )p s zκ represents the change in amplitude common to all modes of either the 
pump or Stokes beams, and , (0)
f
p sA represents the mode field amplitude at the pump input end 
of the fiber.  By integrating over the transverse area, the change in Stokes irradiance (Eq. (1.1)
) can now be expressed as[10] 
2 2 2
0 , , ,
( )
( ) ( ) ( ) cos( )cos( )fqjv fqjv fq fq jv jvs ppss ppss s p p p s sf q j v
P z
g cn A z z z z
z
ε γ κ κ β φ β φ∂ = Δ + Δ Δ + Δ
∂ ∑
 (1.5) 
which includes new notation 
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fqjv f q j v
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fqjv f q j v
ppss p p s s
A A A A A
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=
= ∫
 (1.6) 
After making the substitution 2( ) ( ) / (0)s s sz P z Pκ = , Eq. (1.5) can be integrated using 
separation of variables to yield an equation for ( )sP z [15] 
2
20
, , ,
( )
( ) exp ( ) cos( ) cos( )
(0)
fqjv fqjv fq fq jv jv
s ppss ppss p p p s sf q j v
s
g cn
P z A z z z dz
P
ε γ κ β φ β φ
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= − Δ + Δ Δ + Δ⎢ ⎥
⎣ ⎦
∑∫
 (1.7) 
To evaluate the integral in the exponential, an expression for ( )p zκ must be found.  The 
assumption that all the pump modes are depleted at the same rate is equivalent to a single-
mode fiber approximation with a constant transverse intensity profile across the core for 
purposes of pump depletion.  The additional approximation that the fiber is lossless has 
already been discussed, and yields the differential equations 
 
( )
( ) ( )
( )
( ) ( )
p
p s
s
s p
I z
gI z I z
z
I z
gI z I z
z
∂
= −
∂
∂
= −
∂
 (1.8) 
 
As discussed by Boyd[16], these equations imply ( ) ( )p sI z I z C= +  where C is a constant, 
and recall that 2( ) ( ) (0)p p pz I z Iκ = .  Separation of variables can then be used to solve Eq. 
(1.8), 
 2
2
(0)[ (0) (0)] (0)
( ) 1
(0)(0) exp{ [ (0) (0)]} (0) (0)
s p s s
p
pp p s s p
I I I I
z
II gz I I I I
κ
−
= + −
− −
 (1.9) 
The procedure detailed by Boyd[16] for the “SBS Generator” was used to solve a 
transcendental equation for (0)sI in terms of total SBS gain (0)pG gI L= and SBS threshold 
gain as determined by experiment.  Using this description of pump depletion, Eq. (1.7) was 
evaluated numerically. 
To reduce computation time, the product of cosines in Eq. (1.7) was approximated as done 
by Hellwarth [13].  Using the trigonometric identity, 
 
2cos( )cos( )
cos[( ) ] cos[( ) ]
fq fq jv jv
p p s s
fq jv fq jv fq jv fq jv
p s p s p s p s
z z
z z
β φ β φ
β β φ φ β β φ φ
Δ + Δ Δ + Δ
= Δ − Δ + Δ − Δ + Δ + Δ + Δ + Δ
 (1.10) 
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For nonzero fqpβΔ and 
jv
sβΔ , most mode combinations result in large values for these 
βΔ terms which oscillate rapidly and integrate to negligible values over short fiber distances.  
Only certain mode combinations were computed in the model.  When f q= and j v= , both 
cosine terms on the right hand side of Eq. (1.10) equal one.  Owing to the similarity of the 
propagation constants under the small frequency shift of SBS, the contribution of the cosine 
term will be small compared to the case of f j=  and q v=  for the first cosine term on the 
right hand side of Eq. (1.10), that is, when the pump and Stokes modes being compared are in 
corresponding fiber modes.  The same is true when f v=  and q j=  for the second cosine 
term on the right of the equation.  Therefore, the product of cosines is simplified to[15] 
 
1
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1
2
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                      1                        , if  and 
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p p s s
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β φ β φ
β β φ φ
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= =
 
            0                        , otherwise 
⎧
⎪
⎪
⎨
⎪
⎪
⎩
 (1.11) 
The Stokes beam generated in the fiber is the combination of fiber modes that experiences 
the highest SBS gain.  For a given combination of Stokes modes, the backscattered Stokes 
power can be computed using Eqs. (1.11) and (1.9) to solve Eq. (1.7).  An algorithm was used 
to find the amplitudes and phases of the Stokes modes that produced the maximum 
backscattered power for a given pump configuration.  The algorithm steps through the 
amplitude and phase of each Stokes mode and outputs the solution when the iteration fails to 
improve power more than a set percentage.  The sum of all the Stokes modes is then 
propagated back through free space to the pinhole aperture to determine fidelity.  
4. Discussion 
The model and experiment show higher fidelity generated by longer lengths of fiber than 
previously calculated by approximately an order of magnitude as shown in Fig. 2 and Fig. 3.  
The fidelity level obtained in the model is typically 10-20% lower than the experimental data 
as the fidelity decreases from one and levels off at a low fidelity level.  The main source of 
error is the approximation that all pump modes and, separately, all Stokes modes vary equally 
with power as a function of length.   
The form of pump depletion chosen has an impact on the rate of decrease in fidelity with 
fiber length.  Ignoring pump depletion leads to an exponential growth of the Stokes modes in 
the backward direction.  This sharp rise in Stokes power weights the front end of the fiber 
such that the Stokes modes matching the pump at the front of the fiber receive the highest 
Brillouin gain regardless of fiber length.  Using Eq. (1.9) to describe pump depletion slows 
the rapid Stokes growth and extends the interaction length to produce a more realistic decay in 
fidelity as a function of fiber length.        
After the fidelity has dropped to a low value, the model predicts a rise in fidelity as the 
fiber length is increased further which is not apparent in the experimental data.  This is an 
artifact in the model that results when ( ) 2fq jvp s z mβ β πΔ ± Δ = , where m is an integer.  When 
multiple mode sets reach an integer number of 2π  change in phase near the same length of 
fiber, the mode mismatch is mitigated and fidelity increases at that length of fiber.  However, 
the experiment failed to confirm this result.  The common mode amplitude growth and decay 
rate used in the model prevents the relative power between modes from evolving along the 
length of the fiber as occurs in the experiment, which may be responsible for this resonance 
effect in the model.  
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The model predicts beam cleanup in step-index fibers longer than the limited length 
required for good fidelity phase conjugation as observed in Fig. 5 and by Bruesselbach[17].  
Instead of a phase conjugate, the Stokes beam may predominantly excite a single fiber mode 
as the fiber length increases.  The mode excited is that which experiences the highest SBS 
gain and is highly dependent on coupling geometry.  Coupling on-axis typically results in 
beam cleanup to the fundamental mode.  An example of beam cleanup to the LP11 mode as 
produced by off-axis coupling is shown modeled in Fig. 6.   
 
(a)
(b) (c) (d) (e)  
Fig. 6.  Model results showing phase conjugation and beam cleanup to the LP11 mode in a 20 
micron core diameter, 0.13 NA fiber with pump irradiance (a).  The resulting Stokes irradiance 
patterns are shown from a fiber with lengths (b) 1 m, (c) 5 m, (d) 20 m, and (e) 250 m. 
 
The phase conjugation fidelity achieved with the 0.06 NA fiber in both modeling and 
experiment decreased with length at a much slower rate than the fiber with 0.13 NA.  
Although the calculations of Zel’dovich and Hellwarth lose validity as the nonconjugated 
fraction becomes large, both of their models include an analytic solution for the interaction 
length that is inversely proportional to the NA2 of the fiber.  Specifically, Hellwarth’s model 
resulted in an expected SBS phase conjugation fidelity as a function of fiber length, core area, 
and the number of modes excited in the fiber:  
 
6 (1 )
w
F A
L
N λ
−
≤
Δ
 (1.12) 
where F is the phase conjugation fidelity, A is the fiber core area, Nw is the number of modes 
excited in the fiber, and the Brillouin shift in wavelength is given by λΔ .  By approximating 
the number of modes as 
( )( )22
2 2
o
w
k a NAV
N ≈ = [18], this equation states that the length of 
fiber that can be used to produce a given phase conjugation fidelity is inversely related to the 
square of the fiber core numerical aperture[19]:  
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 (1.13) 
where the Stokes shift is represented by angular frequency 
2
2B c
λπ
λ
ΔΩ = .  Similarly, 
Zel’dovich’ model results in a length limitation of 
 
2
3 1
B
F Mc
L
n NA
−≤
Ω
 (1.14) 
where n is the index of refraction of the core and M is a scalar used to account for the spatial 
pump irradiance pattern such as Gaussian ( 2.8M = ) or a flat-top beam ( 12M = ).  The 
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models nearly converge in the case of a Gaussian pump.  In addition, Russell demonstrated a 
similar dependence as a function of phase error φΔ [10] 
 
2
2
B
nc
L
NA
φΔ=
Ω
 (1.15) 
In accordance with these analytic results, the fiber lengths in these experiments were 
compared based on the physical length of the fiber, the Stokes shift, and the square of the fiber 
core NA.  The scaled length parameter has units of meter·GHz 
 2s BL L NA≡ Ω . (1.16) 
According to Eq. (1.13), (1.14), and (1.15), Ls is a constant for a given phase conjugate 
fidelity.  In Fig. 7, the fidelity achieved with the two fibers as a function of fiber length is 
plotted for both modeling and experimental results in this work.  In Fig. 8, these results are 
plotted against the scaled length parameter, Ls.  The data from the model and experiment are 
well correlated using this relationship.  A fidelity of 80+/-2% was achieved experimentally at 
a scaled length of ~20 m·GHz.  Also included in Fig. 8 is the plot of  Eq. (1.13).    
 
Experiment, 0.13 NA fiber
Experiment, 0.06 NA fiber
Model, 0.13 NA fiber
Model, 0.06 NA fiber
 
Fig. 7.  Fidelity vs. fiber length for the 0.06 NA and 0.13 NA fibers, including both 
modeling and experiment. 
   
Experiment, 0.13 NA fiber
Experiment, 0.06 NA fiber
Model, 0.13 NA fiber
Model, 0.06 NA fiber
Model, Equation (1.13)
 
Fig. 8.  The fidelity from both modeling and experiment is plotted against a 
scaled fiber length. 
 
Using the scaled length parameter, the SBS threshold power can be approximated as a 
function of the quality of the beam to be conjugated.  The SBS threshold for a given fiber is 
approximately given by[20] 
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 21th
A
P
gL
=  (1.17) 
Solving Eq. (1.16) for L and substituting into (1.17) gives an expression for the SBS threshold 
power Pth as a function of the fiber parameters, SBS parameters, and scaled length. 
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gL
Ω
=  (1.18) 
An additional constraint on the fiber is that it must be able to accept the beam quality of the 
incident beam.  According to ISO 11146[21], the beam quality parameter M2 is defined  
 2
4
odM
θπ
λ
=  (1.19) 
where od is the diameter of the beam waist andθ  is the full beam divergence.  As an 
approximation of the fiber parameters, let 2NAθ =  and 2od a= .  Since the fiber core cross-
sectional area is 2A aπ= , the beam quality acceptance of the fiber 2 /M aNAπ λ≈ can be 
substituted into Eq. (1.18) such that 
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≈  (1.20) 
Extrapolating the results of this work yields a relationship between Ls and the fidelity of phase 
conjugation.  Since the experiment yielded fidelity values consistently higher than the model, 
a fit to the modeling data represents a lower bound to the fidelity.  A linear fit to the modeled 
fidelity (Fig. 8) for 40 m GHzsL < ⋅ is given by
-1 -10.96 (0.016 m GHz ) sF L> − .  Using this 
relationship, the approximate SBS threshold power is a function of beam quality accepted by 
the fiber.  Figure 9 shows three curves of the SBS threshold power as a function of the 
maximum M2 accepted by the fiber which is expected to yield higher than 0.7, 0.8, and 0.9 in 
fidelity, with 115 10  m/Wg −≈ × , 1064 nmλ = , and 2 16 GHzB πΩ = ⋅ [14].      
 
F>0.9
F>0.8
F>0.7
 
Fig. 9.  SBS threshold power of a silicate fiber expected to generate a fidelity 
higher than 0.7, 0.8, and 0.9 as a function of the beam quality accepted by the 
fiber. 
 
A reduced irradiance at an equivalent fidelity of phase conjugation can be realized when a 
fiber is chosen with the lowest NA possible that accepts the beam quality required.  For the 
same M2 value, a lower NA fiber requires a larger core area, but a longer interaction length 
can be used for the same fidelity.  The SBS threshold power is approximately equal, and the 
power is spread over a larger core area in the low NA fiber.  The test fibers in this work were 
chosen to be multimode with a low SBS threshold.  Each supported nearly the same number 
of modes and similar beam quality (Table 1).  At 40 m length, the 0.06 NA fiber reached SBS 
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threshold at ~14.5 W, while the 0.13 NA fiber reached threshold at ~16 W for a 15 m length.  
Both fibers achieved ~80% fidelity at these respective lengths, but the irradiance on the 0.06 
NA fiber was reduced by a factor of four.  Other fiber characteristics that effect the SBS gain 
coefficient such as the concentration of core dopants[22] and the SBS gain coefficient 
broadening with NA[23] are expected to have a secondary impact that was not included in this 
analysis. 
5. Conclusions 
High fidelity CW phase conjugation in step-index fiber is achievable with longer lengths of 
fiber than previously calculated.  The increased fiber length reduces the SBS threshold and 
results in higher conversion efficiency from pump to Stokes.  The specific length of fiber that 
can be used to generate a given phase conjugate fidelity is inversely proportional to the square 
of the numerical aperture of the fiber as discussed in previous works.  For the same beam 
quality supported by the fiber, a larger core area and lower NA is preferred to generate a high 
fidelity phase conjugate with lower pump irradiance.  This mitigates damage concerns in 
phase conjugate laser systems.         
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